The aim of this study was to investigate the influence of different methionine sources and concentrations on the quality and spoilage process of broiler meat. The trial was comprised of 7 treatment groups: one basal group (suboptimal in Methionine+Cysteine; i.e., 0.89, 0.74, 0.69% in DM SID Met+Cys in starter, grower, and finisher diets, respectively) and 3 doses (0.10, 0.25, and 0.40%) of either DL-Methionine (DLM) or DL-2-hydroxy-4-methylthio butanoic acid (DL-HMTBA) on an equimolar basis of the DLM-supplemented groups. The broilers were fed the diets for 35 d, then slaughtered and processed. The filets were aerobically packed and stored under temperature controlled conditions at 4
INTRODUCTION
Methionine (Met) is an essential amino acid which is commonly used as a supplement in broiler diets. As a sulphur-containing amino acid, the availability of Met is crucial for several metabolic pathways, i.e., synthesis of proteins, transsulfuration, and methylation of DNA (Bunchasak, 2009; Jankowski et al., 2014) . Besides acting as a base for carnitine and glutathione synthesis, Met has a positive effect on the expression of stressrelated genes and thus helps to protect cells against oxidative stress (Fang et al., 2002; Li et al., 2007; Luo and Levine, 2009; Del Vesco et al., 2013) . Additionally, tation (Daenner and Bessei, 2003; Sauer et al., 2008) . DL-HMTBA differs from DLM in its molecular structure, absorption, and transformation to Met (Richards et al., 2005) . Moreover, there is a difference in growth of animals when comparing the two Met sources (Lemme et al., 2002; Daenner and Bessei, 2003; Motl et al., 2005; Liu et al., 2006; Zou et al., 2015) , showing their bioefficacy is different, as several meta-analyses indicate (Meirelles et al., 2003; Vazquez-Anon et al., 2006; Sauer et al., 2008; Vedenov and Pesti, 2010; Sangali et al., 2015) . Although extensive research on the effect of Met supplementation on growth performance and meat yield has been conducted, the effect of Met on meat quality is scarcely investigated. Although a positive influence of Met supplementation on meat color and nutritional composition was reported (Liu et al., 2006; Zhan et al., 2006; Conde-Aguilera et al., 2013) , the further improvement in animal performance and its effect on meat quality needs to be elucidated. More generally, a high growth rate can lead to negative morphological deviations of muscle structure and fiber composition (Dransfield and Sosnicki, 1999; Woelfel et al., 2002) . Additionally, meat failures such as (pale, soft and exudative meat), white striping (WS) and wooden breast effect could be related to fast growth rates and high weights of broilers (Dransfield and Sosnicki, 1999; Kuttappan et al., 2012; Petracci and Cavani, 2012; Mudalal et al., 2015) . The nutritional value, such as the protein and fat content, may also be influenced by the growth rate (Fanatico et al., 2007) . However, these effects were not specifically related to the supplementation of Met. Aksu et al. (2007) and Liu et al. (2006) reported a relationship between Met supplementation and the water content as well as an increasing meat pH-value. Additionally, the supplementation of DL-HMTBA can decrease lipid oxidation during storage (Berri et al., 2012) , but there is a lack of information on how this is going to affect the microbial spoilage process and the shelf life of the products. Intrinsic parameters such as water activity, pH, nutrients, and structure of the meat are strongly related to the spoilage process of the meat (Gill, 1983; Huis in't Veld, 1996) . Raw poultry meat is especially sensitive to microbial spoilage due to its physicochemical properties (Bruckner et al., 2012a) . Thus, poultry meat may react noticeably to physicochemical changes induced by dietary modifications. Even though an influence of Met supplementation on the microflora of poultry breast meat and drumsticks was shown by Aksu et al. (2007) , there is a lack of studies investigating the relationship between feed composition and the spoilage process of the meat.
Studies on the effect of feed composition on quality loss and shelf life are also rare. Most of the studies only focus on typical quality parameters after the slaughtering process, while the effect on freshness parameters during the storage process is not considered. To our knowledge, there are also no studies available which take into account the effect of dietary Met supplementation on the development of typical sensory and microbial parameters during storage. Thus, the overall objective of this study was to investigate the effect of different concentrations of DL-HMTBA and DLM or a methionine + cysteine (Met+Cys) suboptimal diet on the meat quality parameters and shelf life of breast filets and thighs of broilers after a 35-d growing period.
MATERIALS AND METHODS

Study Design
One hundred five male broilers (Cobb 500) were fed with different concentrations and sources of Met arranged in 7 treatment groups. A basal diet (suboptimal in Met+Cys; i.e., 0.89, 0.74, 0.69% in DM SID Met+Cys in starter, grower and finisher diets, respectively) was prepared and 3 doses (0.10, 0.25, and 0.40%) of either DLM or DL-HMTBA on an equimolar basis were added to the basal diet ( Table 1) .
The animals were slaughtered in house (Gießen, Germany) after a 35-d-feeding period in a 3-phase feeding (Starter, (0) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) Grower, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) Finisher, (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . Feeding and slaughtering of the animals was conducted by University of Gießen. Dissection, transportation, and all further investigations were conducted by the University of Bonn. Broilers were stunned using a wooden club and exsanguinated with an incision to the carotid artery and placement in a bleeder funnel. De-feathering was performed by submersion in a 65
• C water bath and use of an automatic plucker. Immediately after slaughtering and de-feathering, and without cooling, the broilers were processed. The filets were taken under sterile conditions and the skin was removed. Then, the filets were chilled until transportation. The filets were transported to the laboratory under temperature-controlled conditions in insulated boxes with cooling packs. The samples were placed individually in polypropylene trays with lids and were stored at 4
• C in low-temperature, high-precision incubators (Sanyo model MIR 153, Sanyo Electric Co., OraGun, Gumma, Japan). The storage temperature was monitored by data loggers (ESCORT JUNIOR Internal Temperature Data Logger, Escort, New Zealand), with measurements taken every 5 minutes. The first investigation started approximately 24 h after slaughter, and 35 left filets were analyzed for the following parameters: Microbiological parameters (total viable count, Pseudomonas spp.), physicochemical parameters (meat pH-value, drip loss), sensory investigation (color, odor, texture). Following one sensory investigation after 144 h, the next full investigation block was after 192 h for 35 right filets with a repetition of the measurements of 24 h. The trial was conducted in 3 replications with 35 animals each (105 broilers in total).
Physicochemical Parameters
Meat pH Value The surface pH of the filets was measured 24 h and 192 h after slaughter on the dorsal surface of the filets, using a portable surface pH-meter (pH 8011, Peter Bock Umwelttechnik, Gersfeld, Germany). Three measurements were performed for each meat sample by placing the electrode onto the meat surface and an average pH-value was calculated.
Measurement of the Drip Loss Drip loss was measured in breast filets, beginning 24 h and 192 h after slaughtering. The breast filets were hung on hooks through their thickest part. To reduce evaporation, the filets were packed in plastic bags and sealed with rubber bands, with the hooks extending out of the bags. The filets in bags were then hung from a grate for 24 h in a 4
• C incubator (bag method after Honikel, 1998) . The samples were weighed before and after hanging. Drip loss was calculated as the difference in weight, corrected for mass and expressed as a percent (equation 1).
where D L is drip loss [%], m 1 is mass before hanging, and m 2 is mass after hanging.
Microbiological Analyses
The microbial analysis was conducted 24 h and 192 h after slaughter to determine the total viable count (TVC) as well as the Pseudomonas spp. (Pse) count, the specific spoilage organism for fresh, aerobically packed poultry. For the microbiological analysis, 25 g of surface meat tissue with a size of 4 × 7 × 0.5 cm, was aseptically taken using a sterile scalpel. The sample was transferred to a filtered, sterile stomacher bag and filled with 225 mL saline peptone diluent (0.85% NaCl with 0.1% peptone Saline-Tablets, Oxoid BR0053G, Cambridge, United Kingdom). Samples were mixed with a Stomacher 400 (Kleinfeld Labortechnik, Gehrden, Germany) for 60 s. Ten-fold dilutions of the homogenate were prepared in saline peptone diluents. The TVC was determined by pour plate technique on Plate Count Agar (PCA, Merck, Darmstadt, Germany). The plates were incubated at 30
• C for 72 h. Pseudomonas spp. (Pse) were determined by spread plate technique on Pseudomonas Agar with Cetrimide-Fucidin-Cephalosporine selective supplement (CFC, Oxoid, Cambridge, United Kingdom). Plates were incubated at 25
• C for 48 h.
Sensory Investigation
A trained sensory panel evaluated the samples 24 h, 144 h, and 192 h after slaughter according to a graded 3-point scoring system, with 3 meaning fresh and high quality and 1 meaning unacceptable. The characteristics color, odor, and texture were assessed for each sample. The Sensory Index (SI) was calculated as a weighted average with the following equation (2):
where SI is Sensory Index, O is odor, C is color and T is texture. According to the scheme, the product is spoiled when the SI reaches the level of 1.8. The SI was plotted as a function of time and fitted to a linear model. Thus, the shelf life of each sample was calculated by equation 3 as follows (Kreyenschmidt, 2003) :
where SL is shelf life, a is the intercept of the linear model, and b is the slope of the linear model. Samples exhibiting an atypical spoilage process (no degradation in color or texture) were not included in the statistical analyses of sensory characteristics. Samples with a shelf life lower than 100 h and higher than 300 h were judged as outliers and excluded from the data set, leading to a sample size of 93. 
Data Analyses and Statistics
The data were tested for normal distribution and homoscedasticity. Since the data did not meet the conditions for parametric statistical tests, non-parametric methods were used. For illustrating data distribution, boxplots were used displaying median as well as first and third quartiles of data. Differences between groups were tested with the Mann-Whitney-U-Test. Correlations were tested with Spearman's Rank-Order Correlation Test and the correlation coefficient k was computed (with k < 0.4 meaning a low correlation, 0.4 < k < 0.6 meaning a medium correlation, and k > 0.6 meaning a high correlation). Test results are marked with * (P < 0.05) for significant and * * (P < 0.001) for highly significant differences or correlations.
Data analysis was conducted with SPSS Statistics 22 (IBM Corp. 1989 and OriginPro 8 G (OriginLab Corp., Northampton, MA). Additionally, statistical software R 2.15 (R Development Core Team) was used.
RESULTS AND DISCUSSION
The samples showed a high initial quality upon arrival at the laboratory. Filets of the supplemented groups had a fresh, pink color and fresh smell characteristics, whereas the basal group showed a trend towards lower SI values. However, this effect was not significant and mostly caused by a devaluation of color and odor. Further visual differences between samples were primarily in size ( Table 2) .
The mean pH values of all investigated samples (basal as well as supplemented groups) ranged between 5.76 and 6.01 after 24 h ( Table 2 ). The typical pH for fresh poultry breast filets 24 h after slaughter ranges between 5.8 and 6.2 (Berri et al., 2001; Garcia et al., 2010; Bruckner et al., 2012a) . The pH values did not differ between DLM and DL-HMTBA (P > 0.05, Table 3) after 24 h and 192 h, independent of concentration. Moreover, the pH-value did not show a significant change during storage, independent of treatment group. Correlation analysis revealed a low correlation between pH value and Met concentration after 24 h (k: 0.266, P < 0.001) as well as after 192 h (k: 0.322, P < 0.001; for an overview of correlation tests, see Table 4 ). In contrast, the basal group deviated significantly from the supplemented groups (P < 0.001, Table 3 ) with a mean pH value of 5.76 ± 0.12 after 24 h and 5.76 ± 0.14 after 192 h. The minimum pH value measured in the basal group was 5.57, which is normally considered as characteristic for PSE-like (pale, soft, exudative) meat (Woelfel et al., 2002) . The positive effect of Met supplementation in glutathione synthesis and expression of oxidative stress-related genes (Wang et al., 2009; Del Vesco et al., 2015) is possibly lacking in the control group. Thus, the deficiency of Met in the feeding probably led to metabolic stress and to the lower pH value of the basal group. Despite the low pH after 24 h, no other characteristics of typical PSE-like failures could be observed.
The mean drip loss after 24 h varied between 0.42% and 1.21% for all groups (Table 2) . These values are in a normal range for fresh poultry (Woelfel et al., 2002; Le Bihan-Duval et al., 2008) . At the beginning of storage, no significant differences in the drip loss of breast filets could be detected between the different groups (P > 0.05). After 192 h of storage, the drip loss showed an increase in all treatment groups except the control Figure 1 . Relationship between drip loss and concentration of both methionine sources with linear modeling and * * for P < 0.01 group. A high variation in the drip loss of breast filets could be observed, particularly at the end of storage. The lower drip loss values of the control group were accompanied by a dry appearance of the surface. Low drip loss values for the control group may be explained by a higher susceptibility to premortal stress in comparison to the Met-supplemented groups. Additionally, there are no statistical significant differences between DLM and DL-HMTBA groups, but differences between the Met-supplemented groups and the basal group were significant at the 0.05-level at the end of storage. However, a linear regression analysis revealed a significant positive correlation between Met concentration and drip loss for the DL-HMTBA treatment groups, but not the DLM group (Figure 1) . Several studies point to a reduced water holding capacity in fast growing broilers which is supposed to be caused by genetic selection and morphological deviances due to fast muscle growth (Dransfield and Sosnicki, 1999; Mikulski et al., 2011; Petracci and Cavani, 2012) . However, the diet of the animals may also have an effect on water holding capacity (Young et al., 2004; Berri et al., 2008; Jiang et al., 2009; Wang et al., 2009 ). Spearman's Rank Correlation revealed significant correlations between drip loss and filet weight as well as Met concentration independent of the source (Table 4) . Thus, an influence of dietary Met on the drip loss, maybe by a faster muscle growth, is possible, even if it has not been reported yet. However, a reduction of drip loss by the addition of Met was reported by Jiang et al. (2009) . Further investigations are needed to investigate the influence of Met on the drip loss considering Met concentration and source.
The average TVC of all samples 24 h after slaughtering ranged between 3.42 and 4.04 log 10 cfu/g ( Table 2 ). The initial bacterial count of DLM, DL-HMTBA and the control group were in the same range and comparable to TVC of industrial processed poultry filets (Balamatsia et al., 2006; Bruckner et al., 2012a) . The mean initial bacterial count of Pseudomonas spp. ranged between 1.25-1.57 log 10 cfu/g, which is low in comparison to industrial slaughtering and processing, where Pseudomonas spp. dominates the initial flora (Balamatsia et al., 2006; Bruckner et al., 2012a) . There was no significant difference for Pseudomonas counts between treatment groups at the beginning of storage, meaning that all filets showed a comparable initial contamination by microorganisms (Figure 2) . After 192 h, mean TVC of the supplemented groups and the control group ranged between 5.14 and 6.40 log 10 cfu/g, whereas the supplemented groups showed higher total viable counts than the control group (P = 0.049). The mean counts for Pseudomonas spp. ranged between 5.82 and 7.23 log 10 cfu/g at the end of storage (after 192) . Similar to the TVC, the count of Pseudomonas spp. was higher in the supplemented groups after 192 h (P < 0.001) than the counts in the control group. According to Bruckner et al. 2012a , the microbial rejection level for Pseudomonas spp. is 7.5 log 10 cfu/g. The level is normally reached after 6 to 8 d by industrially processed poultry meat stored aerobically at 4
• C (Balamatsia et al., 2006 ; Bruckner et al., 2012b) . In the study, only 15.2% of the DLM and 12.4% of the DL-HMTBA treated groups reached this value after 8 d (192 h). None of the samples of the basal group achieved the microbial rejection level after 192 h (Figure 2 ). Besides the differences in microbial counts at the end of storage, a low to medium correlation between Met concentration and microbial counts could be shown for TVC (k:0.238, P < 0.05) as well as for Pseudomonas spp. (k: 0.452, P < 0.001), which could be explained by a higher drip loss in comparison to the basal group. The differences in the development of microbial counts between control and supplemented groups could be caused by the higher surface moisture, drip-loss and pH-value exhibited by the DLM and DL-HMTBA groups in comparison to the basal group. The basal group showed an atypical dry surface, which could be caused by different slaughtering and processing conditions in comparison to commercial slaughtering. Especially the cooling and processing procedure was different in comparison to commercial slaughtering, which may have led to changes in muscle pH and drip loss. The higher drip loss and the higher pH-values provide optimal conditions for the growth of psychrotrophic bacteria, which could lead to an accelerated microbial growth and spoilage (Borch et al., 1996; Huis in't Veld, 1996; McMeekin and Ross, 1996) .
The sensory investigations showed a high sensory quality of the meat samples of the supplemented groups regarding the test parameters i.e., odor, color, and texture at the beginning of storage (Table 2, Figure 3) . According to the assessment scheme, the high quality of the meat is reflected by mean values above 2.7 (where 3 = highest quality). There were no differences between treatment groups after 24 h (P > 0.05). A lower odor and color parameter score for the control group compared with the supplemented groups led to a lower SI.
In contrast to previous studies (Liu et al., 2006) , no effect on the color could be observed by Met source or concentration (P > 0.05). After 192 h, differences in the development of sensory characteristics between the groups could be observed. The deteriorative changes of odor and texture of the basal group occurred faster than the supplemented groups, which are reflected by the lowest sensory scores.
DLM and DL-HMTBA showed no difference in the development of the sensory index at the beginning, during or at the end of storage, which is reflected in comparable shelf life times (8 to 9 d) between the supplemented groups. For the control group, the development of the SI emphasizes the rapid sensory quality loss with a sensory end of shelf life after 176 h (7 d) (Table 4), despite having the lowest microbiological counts at the end of storage. This could be caused by chemical spoilage processes and a lower stability against oxidative stress due to a Met deficiency (Del Vesco et al., 2015) . Additionally, the specific spoilage organism is potentially inhibited by the lower drip loss and the low pH.
The sensory shelf life of commercially produced fresh poultry stored at 4
• C is around 6 to 8 d (Bruckner et al., 2012b) . The slight prolongation of shelf life during this trial is probably caused by the non-commercial slaughtering methods. In comparison to a commercial broiler meat production in facilities with a high throughput, microbial load and composition of the air as well as processing equipment is different (Lues et al., 2007) , which led to comparable low initial microbial counts on the meat, a different microflora and different species of Pseudomonas spp., respectively. Additionally, the supplementation of dietary Met leads to a lower lipid peroxidation (Swennen et al., 2011; Zeng et al., 2015) , which is one major aspect during the spoilage process and the volatilization of off odors (Ladikos and Lougovois, 1990 ). Positive effects on lipid peroxidation may have led to better evaluations for the odor score of the SI and thus to a longer shelf life for the supplemented groups in comparison to the basal group.
During sensory investigations, it became noticeable at the beginning of the trial that two-thirds of the samples expressed WS, a breast myopathy. The occurrence of this phenomenon was distributed over all treatment groups, with a higher incidence in animals with heavier filets and faster growth rates (data not shown), as it is also reported in recent studies (Kuttappan et al., 2012; Kuttappan et al., 2013; Petracci et al., 2015) . As one of several meat myopathies, WS is reported as a condition caused by genetic selection with the main focus on fast production, high growth rates and increased meat yields (Dransfield and Sosnicki, 1999; Petracci et al., 2013; Mudalal et al., 2015; Kuttappan et al., 2016) . As a consequence, meat quality is affected, but the detailed effects on important shelf life parameters are not known. Nevertheless, since white striping was not the focus of this trial, further investigations are necessary to clarify the effect of the diet on the occurrence and severity of white striping.
CONCLUSIONS
In the present study, the effect of dietary Met supplementation on the quality parameters and shelf life of fresh poultry were investigated. No significant differences between DLM and DL-HMTBA supplementation could be shown for the investigated meat quality parameters. The supplementation of Met led to heavier fillets, a higher pH-value and a longer sensory shelf life in comparison to the basal group. In contrast, the microbial loads at the end of storage were lower for the basal group, indicating a chemical spoilage process for the basal and a microbial spoilage for the supplemented groups although all the values were in the acceptable range. For the drip loss, a significant correlation between drip loss and DL-HMTBA treated birds could be shown. Further investigations are needed to clarify the detailed relationship between Met concentration and drip loss as well as microbial growth and shelf life. In conclusion, the influence of Met supplementation on the quality and shelf life of broiler meat is complex. Thus, more research should be done for elaborating detailed recommendations for the supplementation of Met sources and concentrations in relation to meat quality and shelf life. Finally, further studies should be conducted under commercial slaughtering and processing conditions to consider a possible influence of factors like the cooling process or industrial slaughterhouse flora, too.
